removal, edema, and/or gravity can contribute to inaccuracies in frameless navigation, particularly at deep margins; error can be as much as 3 cm. 12 Intraoperative MRI presents a potential solution, but the cost is often prohibitive. 20 Tumor-specific dyes are not readily available in the United States, and the interpretation and significance of vague fluorescence can be ambiguous without sophisticated quantitative measurements (http://www.cancer.gov/ clinicaltrials/search/view?cdrid=674659&version=Health Professional).
Another solution to the problem is marking the margins of the tumor by using stereotactic navigation at the beginning of the operation, before the brain has shifted. This concept has been realized with the placement of catheters as "fence posts" around the margin of the tumor. 7, 15 This technique has certain limitations: the catheters must be placed after a craniotomy has been performed, so some degree of shift has already occurred; the catheters can be dislodged; and the catheters are most useful for marking the perimeter of the tumor and not the deep margin. To overcome these limitations, we developed a new technique involving the stereotactic injection of indigotindisulfonate sodium (Indigo Carmine, Akorn, Inc.) into the deep tumor margins through small bur holes before opening the craniotomy and dura. Indigo Carmine is widely used in urological surgery to identify the ureteral orifices after intravenous administration of the dye. This dye has also been used within the CNS, administered intrathecally or intraventricularly, for CSF flow studies. 16 Hence, its safety has been studied. Our concept was to inject a small volume of dye to mark the deep tumor margins by using a stereotactically guided needle passed through a bur hole in the dura. After injection of the dye into as many locations as needed, the surgery could proceed in a standard fashion and the injected margin would always be labeled regardless of brain shift. In this study, we investigated the safety, feasibility, and preliminary efficacy of the stereotactic injection of Indigo Carmine for the marking of illdefined brain tumor margins.
Methods

Approval for the Clinical Study
The study was reviewed and approved by the Weill Cornel Medical School Institutional Review Board and by the FDA with an Investigational New Drug (IND) application (IND no. 112680). The study was registered with the ClinicalTrials.gov database (http://clinicaltrials.gov), and its registration number is NCT01767415. The study was conducted in accordance with the ethical principles that have their origins in the Declaration of Helsinki. Written informed consent for study participation was obtained from each patient at the same time and place that informed consent for the surgery was obtained.
Cadaveric Study
Before initiation of the study, a preliminary experiment was performed in which Indigo Carmine was injected into fixed cadaveric brains. The goal was to create a 5-mm sphere of stained tissue. Using a 20-gauge spinal needle and a tuberculin syringe, we injected different aliquots of Indigo Carmine (0.01-0.5 ml) into the brains. Brains were sliced, and the area of dye spread was measured.
Human Trial
To study the safety, feasibility, and potential utility of the method, we designed an open, prospective Phase I-II study without control groups. The study enrolled patients with a presumed diagnosis of glioma, scheduled for resection. All patients with high-and low-grade gliomas were offered the opportunity to participate in the study; only those who agreed to participate were included. Exclusion criteria were pregnancy and age younger than 18 years. The study was conducted at NewYork-Presbyterian/Weill Cornell Medical College, from September 2012 through April 2014.
The participants underwent preoperative MRI, which was used for the frameless stereotaxy according to the current standard of care. The tumor margins that were thought to be the most difficult to achieve, according to assessment of the surgeon (T.H.S.), were targeted for injection. Demarcation of the tumor boundaries on the preoperative MR images was based on hyperintense T2/ FLAIR signal and/or pathological enhancement as described below. Eloquent areas were localized according to anatomical landmarks and/or specialized studies that were performed as indicated ( Table 1) . The criteria for selection of the injection points included areas that would be subjected to significant brain shift, deep areas, areas close to eloquent white matter tracts, or the depth of fingerlike projections of tumor tissue inside normal parenchyma that could be missed during tumor resection. All points were close to the tumor-brain margins and located inside the pathological tissue intended for resection.
After the skin flap was elevated, one to several bur holes were opened at the margins of the intended craniotomy flap and occasionally at the center of the flap. A 3-sphere "star" was attached to the base of a 20-gauge spinal needle (Fig. 1 ). The spinal needle was then registered to the stereotactic system (Brainlab, Inc.). The stylet was removed, and a tuberculin syringe containing Indigo Carmine dye (5-ml ampules/8 mg/ml) was connected. A small amount of Indigo Carmine dye was flushed through the needle to eliminate any dead space until 0.01 ml of dye remained in the syringe. Through one or more bur holes, the spinal needle was stereotactically passed through the dura into the brain, targeting the predetermined injection points. The selection of the bur holes through which to inject the Indigo Carmine dye was based on an attempt to keep the trajectory of the needle almost exclusively through pathological tissue or tissue intended for resection. We did not standardize the number of bur holes or the location of the injection site; this determination was made by the operating surgeon, who determined the margin of the tumor thought to be most challenging to appreciate during surgery. The trajectory did not cross blood vessels or sulci. When the tip of the spinal needle reached the predetermined point, the dye was infused and the needle was withdrawn. This procedure was repeated according to the number of predetermined injection points. After the infusions were completed, the surgery was performed. Other surgical adjuncts were also used according to the stan-dard of care, such as awake craniotomy and brain mapping. Frameless stereotaxy was used in all cases. Standard image-guided microscope-based surgery was performed to remove the tumor.
The tumor was resected either in its entirety or subtotally, depending on the goal of surgery. This goal was determined after appreciating the relationship of the tumor's margins with eloquent brain tissue and weighing the relative risks and benefits of maximizing the extent of resection. The operating surgeon made this determination after consulting with the patient and determining the patient's wishes by using the standard informed consent procedure. Dye was injected into areas intended for resection according to the aforementioned decision-making process.
Intraoperatively, the surgeon noted whether the dye was observed and how far the stained tissue had moved from the predetermined area, according to intraoperative stereotactic navigation, because of the expected shift of the brain during surgery. For evaluation of the extent of resection and investigation of the resection of tumor at the injection points, postoperative brain MRI was performed, according to the standard of care, for all patients. The feasibility of this method was evaluated by assessing the visibility and the diffusion properties of Indigo Carmine in the tumor tissue. The efficacy of this method was assessed according to the study hypothesis that if the stained tissue was recognized and resected intraoperatively, then no residual tumor would be seen at these sites on the postoperative MR images. We also assessed the extent of tumor resection on the postoperative MR images. Volumetric analysis was performed by a board-certified neuroradiologist with 10 years of experience (A.J.T.) on a General Electric Advantage workstation (version 4.3). For the volumetric analysis, a volume viewer tool with autosegmentation capabilities was used. For the estimation of the enhancing tumor volume on preoperative and postoperative MR images, we used 1.5-mm post-Gd (Gadovist [1.0 mmol/ml], Bayer) 3D T1-weighted spoiled gradient recall echo or 5-mm post-Gd (Gadovist [1.0 mmol/ml]) axial T1-weighted sequences, respectively. For the estimation of the T2 hyperintense tissue volume, we used 5-mm axial T2-weighted or T2-weighted FLAIR sequences. The MRI parameters for the 3D T1-weighted spoiled gradient recall echo were 1.5-mm slice thickness, no gap; TR 6 msec, TE 1.8 msec, matrix 256 × 256, number of excitations (NEX) The deviation between the stereotactic location of the injection point and the stereotactic location where the injection point was located intraoperatively was noted if it was larger than 1 cm. Safety was assessed by monitoring for any complications or adverse effects, even if they seemed to be unrelated to the Indigo Carmine infusion.
In Phase I of the study (first 5 patients), the Indigo Carmine injection did not guide clinical decision making. At the end of this phase, an evaluation was made on whether the intraoperative recognition and resection of stained tissue correlated with the resection of tumor at the injection points as determined by postoperative MRI. If the evaluation confirmed this correlation, the study proceeded to Phase II, in which Indigo Carmine was included with the other adjuncts used by the surgeon to guide resection.
For any patient, the study would be terminated if any unexpected neurological or cardiovascular abnormalities (e.g., seizures, pulse rate or blood pressure instability) developed during dye injection. The study as a whole would be terminated if adverse events developed in more than 3 patients and/or a satisfying staining pattern could not be achieved in more than 5 patients. Because of the development of a brain abscess in 1 patient over the course of the study, study termination criteria were expanded to include development of another brain abscess in any subsequently enrolled patient.
results
Cadaver Study
Examination of the cadaveric experiments revealed that the ideal quantity of dye required to create a 5-mm sphere of stained tissue was approximately 0.01 ml (Fig. 2) . These experiments also showed that injection into CSF spaces might result in significant diffusion of the dye into these spaces. Additionally, some backflow of the dye through the needle tract occurred. After these studies, it was determined that 0.01 ml would be administered.
Human Trial
A total of 10 patients (6 male and 4 female) were enrolled in the study; their mean age was 49 years (Table 1) . All patients had gliomas of varying grades (Table 2) . Tumor diagnosis was an incidental finding in 3 patients; recurrent disease was diagnosed in 3 patients; and seizures were experienced by 1 patient, headache by 1 patient, and a neurological deficit by 2 patients. The tumors were located in the frontal, parietal, and occipital lobes on both sides. The median postoperative hospital stay was 3 days (range 2-14, mean 4.7 days). The mean follow-up time was 5.9 months (median 6.5, range 2-8 months).
The goal of the Indigo Carmine injection varied according to the imaging characteristics of the tumor. For lowgrade tumors, Indigo Carmine was injected at the deepest margin of T2 signal hyperintensity. For higher-grade and enhancing tumors, the injection was made at the deepest margin of the enhancing component of the tumor. For the 10 patients, 17 Indigo Carmine injections were made. The diffusion patterns of the dye were very satisfactory; in all patients, a distinct blue area could be identified in the area corresponding to the injection point (Video 1). In some patients, a small degree of backflow through the needle tract could be identified (Fig. 3) . In others, a halo of lightly colored tissue could be seen proximal to the injection point, probably the result of dye leakage as the needle was withdrawn. The halo was very faint, and in all patients it could be differentiated from the vividly colored injec- tion point (Fig. 4) . For all 17 injections, the injection points were identified and tumor was resected at these points. By comparing the captured images of the preoperative trajectory and injection site with the postoperative volumetric MR images, we evaluated the extent of tumor resection at the injection points. The postoperative MR images verified 100% resection at the points that were marked with Indigo Carmine, with clean tumor margins in these areas (Fig. 5) . With regard to the whole tumor volume, the mean extent of resection of the tissue intended for resection was 97.1% (SD 3.54%). In Patient 8, the stereotactic location of the injection point deviated 15.4 mm from the stereotactic location where it was identified intraoperatively (Fig. 6 ). This deviation was attributed to either brain shift during to the development of the resection cavity and/or intraoperative mild edema. Had we relied solely on the stereotactic navigation, we would have resected normal brain tissue in that patient. During the follow-up period, 1 patient died of disease progression 7 months after surgery. No complications occurred intraoperatively in any patient. Another patient experienced transient worsening of preexisting hemiparesis, which resolved. In another patient, postoperative deep Staphylococcus aureus infection (brain abscess in the resection cavity) developed on postoperative Day 16. Of note, in this patient the resection cavity was used as a path for intraoperative placement of an external ventricular drainage catheter. The adverse event was expeditiously reported to the Institutional Review Board and the FDA, and the study was temporarily placed on hold. The study protocol was modified by the addition of a study termination rule, which was the development of brain abscess in any subsequently enrolled patient. Investigations into the Indigo Carmine batch did not reveal any evidence of contamination, and the precise cause of the infection was never determined.
Discussion
The initial results of this study show that frameless stereotactic injection of Indigo Carmine through bur holes can be used to mark deep tumor margins that can be identified during surgery and adequately removed. Using bur holes enables the surgeon to make the injections before any brain shift, and these holes can then be used for the craniotomy. One limitation of this technique is that only a limited number of points can be injected, which is clearly not a complete representation of the complex 3D tumor margin. However, as most surgeons will attest, only a limited number of deep tumor margins cause the greatest concern for the surgeon, and the ability to reliably identify these margins during surgery conveys a significant advantage, both psychologically and literally. Although we cannot state from the current study that this method provides statistically significant benefit with respect to extent of resection or patient survival, the data provide proof of concept for marking deep tumor margins with an injected dye. Given the current literature on the association between extent of resection and overall and progression-free survival for patients with gliomas, one can extrapolate the benefit of any technique that safely increases extent of resection. 9, 10 In this study, the MRI was conducted according to the current standard of care; therefore, slice thicknesses differed in the postgadolinium preoperative and postoperative MRI studies. Although doing so might introduce a small degree of error, because of the different resolution of the imaging studies, we believe that it did not affect the validity of the results.
The overall safety profile seemed to be satisfactory but definitely warrants further study. For the 1 infectious complication, it cannot definitively be determined whether the adverse event was caused by the clinical procedure or the injection of the Indigo Carmine. During surgery, the stained area was identified and resected as was the whole tract of the needle, which was through tumor tissue. Of note, an external ventricular drain was placed at the end of this patient's procedure because the ventricular system was entered intraoperatively. A literature search for postoperative infections in glioblastoma multiforme patients identified 2 recent publications that report infection rates of 4.7% and 5.08%.
1,2 The causative microorganisms of the infection were Staphylococcus spp. in 58% and 70% and specifically S. aureus in 23.5% and 60.0% in each of the 2 studies. Thus far in our study, Indigo Carmine was injected in 10 patients, and 1 infectious complication occurred. Fisher exact test results suggest that there is no statistically significant difference between the infection rate observed in the study up to this time (1 in 10) and the reported postoperative infection rate of 5% among patients with glioblastoma multiforme (p = 0.4434).
Use of Indigo Carmine in the CNS was first reported in 1923. 11 Although it was used extensively in the pre-CT era, a literature review did not yield any reports of adverse events after use of Indigo Carmine in the CNS. LeRoux et al. infused Indigo Carmine intraparenchymally to confirm ultrasonography-guided resections without any adverse events, thus using the injections for a completely different purpose. 8 Another benefit of Indigo Carmine injections is the low cost and ease of use in centers that do not have access to intraoperative MRI. Only frameless stereotactic equipment is required. The Indigo Carmine dye is available in most urology operating rooms, and the insulin syringe and the 20-gauge spinal needle are commonly available in hospitals. The cost of Indigo Carmine dye is $9.70 per ampule (http://store.mcguff.com/products/3431.aspx).
Although an aggressive attempt to achieve gross-total resection might increase the extent of resection, it can unfortunately cause additional neurological deficits in the patient. The current standard of care is the resection of the tumor under frameless stereotactic guidance. This technique is accurate until the point of arachnoid opening; it becomes less accurate after tumor resection has begun.
The reason for this inaccuracy is brain shift, which is the movement of the brain relative to the preoperative imaging study caused by CSF egress, gravity, tissue manipulation, and alterations from peritumoral edema. Nimsky et al. showed that the maximum shifting of the white matter tract ranged from an inward shifting of 8 mm to an outward shifting of 15 mm 13, 14 and that the shifts of the cortical surface can reach 23.8 mm and the shifts of the deep tumor margin range from -7.9 to +30.9 mm.
12 Intraoperative ultrasonography has been introduced to obtain real-time intraoperative images. However, the obtained images cannot reliably differentiate between tumor and artifact or between tumor and normal brain. 6 As a result, the reliability of intraoperative ultrasonography has been questioned. 3, 17, 22 Intraoperative MRI is clearly the most reliable method for determining tumor margins during surgery. However, the equipment is expensive (approximately $3 million) 20 and therefore is only available in few institutions. Moreover, intraoperative MRI requires specialized equipment and room shielding, and it introduces certain limitations for the surgeon because some surgical instruments or equipment are not available in MRI-compatible versions. Likewise, the signals from intraoperative MRI can be difficult to interpret because bleeding into the resection cavity and trauma-related artifacts can both obscure and mimic residual tumor. Intravenous contrast enhancement can be used for intraoperative MRI, but its leakage into the peritumoral tissue renders the interpretation of delayed, repeat imaging challenging. 5 Low-field intraoperative MRI systems are compact and pose fewer limitations in terms of cost and operating room integration, but they have inherent limitations such as increased acquisition time and decreased spatial and temporal resolution. In addition, intraoperative MRI findings might be inconsistent with postoperative high-field imaging findings. 19 On the basis of the proposed technique, certain critical locations (that have been identified by specialized MRI sequences) can be marked with the Indigo Carmine dye at the beginning of the operation, and regardless of the degree of brain shift, the coloring will still mark the original injection point. Another use for Indigo Carmine would be marking metabolically active tumor areas on the basis of MR spectroscopy and nuclear medicine study findings and ensuring their resection. Coupled with intraoperative cortical and deep white matter brain mapping, Indigo Carmine injections could be used to identify proximity to white matter tracts preoperatively determined by diffusion tensor imaging.
Recently, to address the need for better intraoperative visualization of the tumor, 5-aminolevulinic acid (5-ALA) was introduced. 21 5-ALA produces fluorescence in highgrade neoplasms and facilitates tumor resection and identification of small islands of residual tumor. However, unclear vague fluorescence is a subjective determination, and the correlation of low levels of fluorescence with clear tumor infiltration is debatable. Moreover, fluorescence is not reliably exhibited by nonenhancing tumors, such as most low-grade gliomas. 4 Although use of intraoperative confocal microscopy might extend the indications of 5-ALA to low-grade tumors, 18 use of 5-ALA in the United States is not approved by the FDA. Of note, 5-ALA provides selective fluorescence of neoplastic tissue through mitochondrial metabolism of protoporphyrin, whereas Indigo Carmine just stains the tissue where it is injected, which is based on the tumor margin as represented on MR images.
Further studies should delineate the diffusion properties of different tumor pathologies and further characterize the safety profile of the technique. A Phase III study, in which patients will be randomly assigned to receive standardized injections or no injections and the extent of resection is an end point, is planned. In theory, the technique can prove helpful for the following: tumors with optical properties similar to normal brain, tumors with specific morphological characteristics (e.g., fingerlike projections) for which residual postoperative tumor is probable, large tumors for which resection would create a big resection cavity and therefore significant brain shift, and conditions with preexisting or expected intraoperative brain edema. Children were not enrolled in this study, and this age group is a significant field for expanding the current study, especially given the fact that implementing preoperative or intraoperative brain mapping techniques in children is challenging. Last, a controlled study or a comparison of the method with alternative techniques could investigate its comparative merits.
Conclusions
Stereotactic injection of Indigo Carmine dye can be used to mark the margins of an intraaxial tumor and can potentially help the surgeon increase resection to reach the margins and can act as a signpost for when to stop to avoid a neurological deficit. Because the technique is very easy to implement and the equipment is readily available in most modern operating rooms, the generalizability of the method is facile.
